This study presents a theoretical model to simulate the temperatures and productivity of a single-slope, single-basin solar still when an external solar enhancement is used. Experiments were performed in the New Mexico region (32.3199 • N, 106.7637 • W) to validate the numerical model. A point focusing Fresnel lens was used in the experiments to enhance the solar input. It was found that a significant rise in the productivity of the still was achieved with the Fresnel lens. Parametric study by varying the water depth showed the Fresnel lens was more effective for larger water depths. In addition, the Fresnel lens can aid in improving the overall efficiency of the solar still.
Introduction
Meeting the increasing demand for fresh water is a grand challenge. Desalination and water reuse have become two key solutions to addressing water shortage and sustainability. Utilizing solar-powered treatment processes is especially appealing for the most arid and high irradiance regions in the world. Moreover, the use of this technology is an excellent choice for providing treated and desalinated water for small water systems, and communities in remote arid areas. These areas usually have access to saline and groundwater but limited/or no connections to electrical grids. The advantages of the use of solar energy also include the low maintenance, noise-free operation, long life, free sunlight, and non-emission of greenhouse gases.
Currently, desalination using solar energy is achieved by using solar thermal collectors, solar ponds, or solar photovoltaics [1, 2] . Some processes convert solar energy into electrical energy whereas others utilize it to produce thermal energy. Optimization of membrane separation processes may utilize solar energy in multiple forms, such as generating electrical energy via photovoltaic (PV) panels combined with solar thermal preheating of feed water
The simple technology for direct desalination is by utilizing a solar still, where the heat collection and the distillation are achieved in the same equipment [3] . The basic concept of a solar still is simple. It consists of a basin filled with the saline/brackish water, blackened bottom surface for absorbing the radiation, and a transparent glass cover placed on top of it. When the solar radiation is incident on the glass cover, it passes through the glass and gets absorbed by the water and the absorber surface. Due to this, the water temperature and the vapor pressure increase and as a result, the vapor rises to the cover by natural convection and is condensed on the inner side of the cover. The condensate is collected at a collection trough which can be present at the end of the glass cover or can be separate. 
Reference
Model Studied [32] Single-sloped basin still with enhanced evaporation and a built-in additional condenser [33] Solar still with cooling water flowing between a double-glass cover [34] Developed an analytical simulation method of energy behavior of solar stills with varying climatic data and operating conditions [35] Studied both passive and active solar stills for different Indian climatic conditions [36] Derived an analytical expression for the thermal efficiency for open-and closed-cycle systems of floating tilted wick solar stills [37] Derived expressions for water and glass temperatures, yield, and efficiency of both single and double-slope multi-wick solar distillation systems. [38] Conducted a seasonal performance analysis for six different water depths in a single-slope passive solar still of cover inclination of 30 • .
[ 39] Derived correlations to illustrate the effect of solar radiation, dyes, cover slope, and brine depth on the productivity of the basin type solar still. [40] Presented a theoretical analysis of a tilted-wick solar still with an inclined flat plate external reflector. [41] Presented a numerical study of a passive solar still with separate condenser. [42, 43] Studied the performance of solar still of a hybrid photovoltaic/ thermal (PV/T) system [26] Presented review of numerical as well as experimental investigations on basic types of solar still. [44] Compared several numerical models for the estimation of water production from a solar water distillation device. [45] Reviewed different methods to improve the effectiveness of the inclined solar still by different researchers and compared their performance. [46] Presented a computer simulation model for studying the unsteady-state thermal performance of a single tilted solar powered still. [47] Examined three different correlations for heat transfer coefficients available in the literature in order to compare theoretical results with experimental work in terms of hourly yield.
Recently, the authors performed an experimental study using a large-sized, point-focused Fresnel lens (FRL) with a conventional solar still system, for the first time, to enhance the system performance and an improvement of 467.4% in the water productivity rate was observed [48] . In this study, a theoretical model was developed that was used to simulate the solar still system used in the experimental study. Though several still configurations were studied numerically, as shown in Table 1 , there are no theoretical models that included the effect of using the FRL in the models and the development of such a model can enable designing high-efficient solar still systems. In this study, the glass temperature, water temperature, and productivity of the still with and without a point-focused FRL were calculated, and the difference in the temperatures and productivity were used to validate the model. Later, the developed model was used to simulate the effect of water depth on the performance of a generic solar still with and without the FRL. Effect of water depth on the performance of the single-slope solar still was studied by a few researchers, e.g., References [9, [49] [50] [51] [52] . None of the numerical models until now studied the effect of the point-focused refraction-based solar enhancement. A comparison of the tested solar system in terms of cost is also presented.
Experiments
The numerical model was validated with experiments in Reference [48] . A single-slope solar still was tested on the main campus of New Mexico State University in Las Cruces, NM, the United States, where the daily max temperature can easily exceed 37.8 • C (100 • F) during the month of June. The solar still was tested during summer climatic conditions to estimate the maximum yields. The experiments were conducted in an open space (32.28 • N, 106.75 • E) without solar obstruction. Figure 1 shows the fabricated solar still. The solar still basin (0.45 m × 0.45 m or approximately 0.2 m 2 ) was made of galvanized steel sheet with a thickness of 2.5 mm. The interior surface of the water basin was painted in black to increase the solar absorptivity. The basin is contained in a 15 mm thick wooden box, of which the shorter and taller sides are about 300 mm and 550 mm, respectively. The space between the basin and the wooden box was filled with a 100 mm thick glass wool board as a thermal insulating layer to reduce heat loss to the ambient. Iron pipes were used as inlet and outlet channels. A metal valve was installed and kept closed during the tests for preventing hot steam leakage through the inlet channel. A piece of tempered glass (0.45 m × 0.52 m) was used as a transparent cover with an inclination of approximately 30 • . An electric fan was used to provide forced air flowing parallel to the glass cover. The distillate collection channel was connected to an outlet channel for the measurement of water production by a graduated cylinder. To obtain a good sealing condition, rubber strips were placed between the glass cover and the water basin with wing nuts and washers used to squeeze the rubber strips and the tempered glass. A blow-off valve was installed under the basin bottom to facilitate clean operation. the tempered glass plane without any shading effect from the FRL. After 5:00 p.m., the solar radiation on the FRL plane (IFRL) was measured on the end surface of the wooden swing arm, which was perpendicular to the incident sunlight. To consider the footprint of the solar still, the tested volume of purified water was divided by the basin area (0.2 m 2 ) in the related figures of the following sections. K-type thermocouples were placed on different locations inside the solar still to measure temperatures of the water, the inner glass surface, and outer glass surface. One of them was placed outside the solar still to measure the ambient temperature. Temperature, wind speed, and solar radiation data were taken every hour. Excel spreadsheets were used to collect all the data obtained from the experiments. Water temperature, glass temperature, wind speed, fan speed, and solar intensity were taken using a solar power meter, an anemometer and a K-type thermometer. K-type thermocouples were placed on different locations inside the solar still to measure temperatures of the water, the inner glass surface, and outer glass surface. One of them was placed outside the solar still to measure the ambient temperature. Temperature, wind speed, and solar radiation data were taken every hour. Excel spreadsheets were used to collect all the data obtained from the experiments. Water temperature, glass temperature, wind speed, fan speed, and solar intensity were taken using a solar power meter, an anemometer and a K-type thermometer. 
Numerical Model
Though numerous experimental investigations are reported in the literature on better design for solar stills, the experimental investigations can be expensive, laborious, and time-consuming. Hence, mathematical modeling is an attractive alternative to investigate and develop better designs for solar stills under various operational parameters. The present model employed equations developed by Dunkle in Reference [52] [53] [54] and were analyzed using a MATLAB code and EXCEL spreadsheets. Various assumptions were made to simplify the analysis:

In the still, there is no vapor leakage. 
Compared to the heat capacity of the basin water, the heat capacity of insulating materials used in the solar still is negligible. 
The physical water properties remain constant even with different temperatures. Each experiment was performed for 13 h, from 9:00 a.m. to 10:00 p.m. in June 2018. FRL was in effect from 9:00 a.m. up to 5:00 p.m., after which the FRL was removed from the wooden swing arms because the sun was too low to use the lens. Four nails were perpendicularly fixed on the two perpendicular surfaces of each swing arm. By observing the nail shadows, the system orientation was adjusted every half-hour such that the glass cover faced the sun, and the concentrated sunlight was refracted to the basin bottom (FRL plane was perpendicular to the incident sunlight). During both the tests, the temperature was recorded every 30 min at different locations in the system e.g., T a , T w , T gi , T go . Four calibrated K-type thermocouples were connected to a digital indicator for direct temperature readings. In addition, solar radiation (W/m 2 ), forced air speed (m/s), and distilled water output (mL) were also measured at the same frequency by using a solar power meter, a portable anemometer and a graduated cylinder, respectively. After each data acquisition, the same amount of saline water was injected into the still to maintain a constant d w and the desired sodium chloride concentration (30 g/L, to simulate an average salinity of seawater) in the basin. It should be mentioned that the solar radiation on the tempered glass plane (ITG) was measured on the plane parallel with the tempered glass plane without any shading effect from the FRL. After 5:00 p.m., the solar radiation on the FRL plane (IFRL) was measured on the end surface of the wooden swing arm, which was perpendicular to the incident sunlight. To consider the footprint of the solar still, the tested volume of purified water was divided by the basin area (0.2 m 2 ) in the related figures of the following sections.
K-type thermocouples were placed on different locations inside the solar still to measure temperatures of the water, the inner glass surface, and outer glass surface. One of them was placed outside the solar still to measure the ambient temperature. Temperature, wind speed, and solar radiation data were taken every hour. Excel spreadsheets were used to collect all the data obtained from the experiments. Water temperature, glass temperature, wind speed, fan speed, and solar intensity were taken using a solar power meter, an anemometer and a K-type thermometer.
Numerical Model
•
In the still, there is no vapor leakage.
Compared to the heat capacity of the basin water, the heat capacity of insulating materials used in the solar still is negligible.
The physical water properties remain constant even with different temperatures. Figure 3 shows the different heat transfer process that occurs in a solar still. It is easier to evaluate the heat transfer distribution in the still and the temperature rates if the solar still analysis is divided into parts such as basin, glass, and basin water, as well as internal heat transfer and external heat transfer processes [55] [56] [57] [58] [59] [60] . The next few subsections briefly describe the equations used for the current model. Figure 3 shows the different heat transfer process that occurs in a solar still. It is easier to evaluate the heat transfer distribution in the still and the temperature rates if the solar still analysis is divided into parts such as basin, glass, and basin water, as well as internal heat transfer and external heat transfer processes [55] [56] [57] [58] [59] [60] . The next few subsections briefly describe the equations used for the current model. 
Internal Heat Transfer
The heat transfer generated inside the solar still is considered as internal heat transfer that is responsible for the evaporation process to produce water vapor from impure water, producing fresh water. It is the exchange of heat between water and the inner glass surface, which can be divided into convection, evaporation, and radiation [61] [62] [63] [64] [65] [66] [67] [68] .
The mathematical model is expressed in terms of water temperature Tw, internal glass temperature Tgi, and basin temperature, Tbi. Initial glass temperature, initial basin temperature, and initial water temperature are provided as input parameters. Partial vapor pressure, Pg, and water pressure, Pw, in a still can be obtained using the following equations, Reference [52] [53] [54] :
Natural convection takes place because of the temperature difference between the water and the inner surface of the glass. The rate of convective heat transfer, QCwgi, and the heat transfer coefficient, hCwgi, between water and the inner glass surface are expressed as:
Evaporation heat transfer occurs between water mass and the inner glass surface and is generated when the vapor pressure is lower than the saturation pressure of the liquid. Evaporation heat transfer, QEwgi, and heat transfer coefficient, hEwgi, are calculated as: 
The mathematical model is expressed in terms of water temperature T w , internal glass temperature T gi , and basin temperature, T bi . Initial glass temperature, initial basin temperature, and initial water temperature are provided as input parameters. Partial vapor pressure, P g , and water pressure, P w , in a still can be obtained using the following equations, Reference [52] [53] [54] :
Natural convection takes place because of the temperature difference between the water and the inner surface of the glass. The rate of convective heat transfer, Q Cwgi , and the heat transfer coefficient, h Cwgi , between water and the inner glass surface are expressed as:
h Cwgi = 0.884
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Evaporation heat transfer occurs between water mass and the inner glass surface and is generated when the vapor pressure is lower than the saturation pressure of the liquid. Evaporation heat transfer, Q Ewgi , and heat transfer coefficient, h Ewgi , are calculated as:
Radiation heat transfer is produced by the emission of internal energy between two bodies having different temperatures which are, in this case, water mass and the inner glass surface. Radiation heat transfer and heat transfer coefficient are expressed as:
In Equation (8), σ is the Stefan Boltzmann's constant taken as 5.67 × 10 −8 W/m 2 K 4 , ε eff is the effective emissivity between water mass and the glass cover which depends on the emissivity of water (ε w ) and emissivity of glass (ε g ) and is given by the following expression:
The summation of convection, radiation, and evaporation rates provide the total internal heat transfer rate, Q Twgi , and the total internal heat transfer coefficient, h Twgi , is expressed as:
External Heat Transfer
External heat transfer is the heat loss from the solar still and occurs between the basin of the still and the surroundings. The total external heat loss can be divided into the top heat loss, bottom heat loss, and side heat loss [57] [58] [59] [60] [61] [62] . The upper heat loss is the heat loss from the outer glass cover to the atmosphere due to radiation and convection heat transfer [62] [63] [64] [65] [66] [67] [68] . The convection heat transfer loss, Q Cgoa from the outer glass cover to the atmosphere, can be defined by:
The convection heat transfer coefficient, h Cgoa , depends on the wind speed, as shown in Equation (13) . The radiation heat transfer coefficient, h Rgoa , is the heat loss from the outer glass cover to the atmosphere due to radiation and can be obtained by:
where, T go is the outer glass temperature and T sky is the sky temperature, expressed in terms of ambient temperature, T a , as: T sky = 0.0552 × T a 1.5 (15) The total upper heat loss coefficient, h Tgoa , between the outer glass cover and the surroundings is described as:
The sum of the radiative heat loss and the convective heat loss is equal to the total upper heat loss, Q Tgoa , and is calculated by:
To calculate the overall heat loss coefficient, U Tgia , from the inner glass cover to the atmosphere, the following equation can be used:
The overall heat loss coefficient is used to obtain the overall heat loss coefficient, U T , from the top glass cover, which is expressed as:
The heat loss is transferred from the basin to the atmosphere through the walls of the basin and the insulation due to convection, conduction, and radiation. The rate of convective heat transfer between the basin and the water mass, Q w , can be obtained as:
where, h w is the heat transfer between the basin liner and the water. The rate of conduction heat transfer between the basin and the surroundings (Q b ) is obtained by:
In Equation (21), A b is the basin area that is exposed to water. The conduction heat transfer coefficient between the basin and the surroundings, h b , with insulation, is expressed as:
where, h Tba is the total heat transfer coefficient that considers the effect of both the free convection and radiation:
If no insulation is present, then, h b is equal to h Tba . The overall bottom heat transfer coefficient between the water mass and the surroundings is given by:
The overall side heat transfer coefficient, U ss , between the water and the surroundings is obtained by: where, A ss is the total area of the solar still, and A b is the basin area that is exposed to water on the sides. Therefore, the total heat transfer coefficient from the basin to the surroundings is the sum of the overall middle heat transfer coefficient and the overall lower heat coefficient between the water and the surroundings:
The overall external heat transfer loss coefficient from the top, bottom, and sides is expressed as:
Temperatures and Productivity
The hourly productivity in a solar still can be calculated by:
The daily productivity in the solar still can then be obtained as follows:
Based on the above equations, the inner glass temperature, T gi , basin temperature, T b , and water temperature, T w , over time are estimated as follows after applying the energy balance equations:
where,
and,
In Equation (32), α eff is the effective absorptivity and is calculated as:
In the above equation, α b , α w , and α g , are the fraction of solar flux absorbed by basin liner, basin water, and glass cover, respectively. These are calculated as:
where, ( µ j EXP η j d w ) is the attenuation factor and depends on different lengths, as shown in Table 2 . R g and R w are the reflectivities of glass cover and water, respectively [31] . I(t) is the insolation over time.
The inner glass temperature, T gi , and basin temperature, T b , are given by the following equations:
To account for the presence of FRL in the model developed, the insolation, I(t), was replaced by I eff (t), which is estimated using the following equation:
Equation (39) assumes that all the radiation that is incident on the FRL is concentrated onto the solar still glass, and hence the overall incident energy onto the solar still increased by a factor of concentration ratio: A FRL /A G . It should be noted that optical losses are neglected in the above equation. A mathematical model was developed using the above set of equations, and was used to predict the glass temperature, water temperature, convection, radiation and evaporation heat transfer, heat loss transfer inside and outside the solar still, hourly productivity and daily productivity, with respect to solar intensity, wind velocity, and time using EXCEL and MATLAB software. Table 3 shows the insolation and ambient temperature encountered during the experiments without and with FRL. It can be observed that both insolation and ambient temperature were slightly different on both days. The heat concentrated on to the bottom of the still is distributed into the basin and water and result in the temperature rise of water. It can be observed that the maximum insolation (1085 W/m 2 with no FRL and 1085 W/m 2 with FRL) is observed around 2 p.m. and the ambient temperature is also maximum at the same time. Figure 4 shows the water and glass temperatures measured during the experiments.
Results

Experimental Results with and without Fresnel Lens (FRL)
The maximum temperatures of water and glass are around times of higher maximum solar intensity. It can also be observed that when a FRL was used, both the water temperature and glass temperature are much higher when compared to this temperature when no FRL was used. The maximum T w and T g observed with no FRL case are 59.4 • C and 55.7 • C respectively, whereas, with FRL case, they are 87.6 • C and 79.4 • C, respectively. Figure 5 shows the cumulative water output or cumulative productivity measured during both the experiments. The total productivity in the case of FRL (8.324 kg/m 2 ) is around 6.38 times higher than the productivity achieved in case of no FRL (1.303 kg/m 2 ). This clearly shows that utilizing an external heat transfer mechanism can enhance the heat input and can significantly improve the performance or productivity of a still. different on both days. The heat concentrated on to the bottom of the still is distributed into the basin and water and result in the temperature rise of water. It can be observed that the maximum insolation (1085 W/m 2 with no FRL and 1085 W/m 2 with FRL) is observed around 2 p.m. and the ambient temperature is also maximum at the same time. Figure 4 shows the water and glass temperatures measured during the experiments. The maximum temperatures of water and glass are around times of higher maximum solar intensity. It can also be observed that when a FRL was used, both the water temperature and glass temperature are much higher when compared to this temperature when no FRL was used. The maximum Tw and Tg observed with no FRL case are 59.4 °C and 55.7 °C respectively, whereas, with FRL case, they are 87.6 °C and 79.4 °C, respectively. Figure 5 shows the cumulative water output or cumulative productivity measured during both the experiments. The total productivity in the case of FRL (8.324 kg/m 2 ) is around 6.38 times higher than the productivity achieved in case of no FRL (1.303 kg/m 2 ). This clearly shows that utilizing an external heat transfer mechanism can enhance the heat input and can significantly improve the performance or productivity of a still. 
Comparison of the Numerical Model with Experiments
The developed model was used to simulate the parameters of the still used in the experiments. Table 4 shows the physical input parameters for the model. In our experiments, a fan was used to maintain forced convection on the glass. Hence, the wind velocity of 4.2 m/s was used at all times. A smooth curve for ambient temperature was used in the numerical model to eliminate the sudden changes in temperature and hence, all other factors estimated. 
The developed model was used to simulate the parameters of the still used in the experiments. Table 4 shows the physical input parameters for the model. In our experiments, a fan was used to maintain forced convection on the glass. Hence, the wind velocity of 4.2 m/s was used at all times. A smooth curve for ambient temperature was used in the numerical model to eliminate the sudden changes in temperature and hence, all other factors estimated. Figures 6 and 7 show the comparison of a numerical model with experiments. It can be observed that the current model predicts experimental results well. The average difference between the experiments and numerical model was found to be 4% for water temperature and 9% for glass temperature for the case with no FRL. The average difference between the experiments and numerical model was found to be 4% for water temperature and 5% for glass temperature when the FRL was used. It should be noted that the model assumes all the heat transmitted from the FRL is concentrated onto the still, and hence no optical or heat loss from FRL to still is accounted for. temperature for the case with no FRL. The average difference between the experiments and numerical model was found to be 4% for water temperature and 5% for glass temperature when the FRL was used. It should be noted that the model assumes all the heat transmitted from the FRL is concentrated onto the still, and hence no optical or heat loss from FRL to still is accounted for. The cumulative water productivity observed in the experiments and theoretical model for the time period 9:00 a.m. to 5:00 p.m. is shown in Table 5 . The theoretical model was used to include only the time period when the FRL is active. The cumulative water productivity observed in the experiments and theoretical model for the time period 9:00 a.m. to 5:00 p.m. is shown in Table 5 . The theoretical model was used to include only the time period when the FRL is active. It could be observed from Figures 6 and 7 that the temperatures in the theoretical model follow the same trend as the experimental results. Once the numerical model is validated, a parametric study was performed to understand the effect of FRL when varying water depths are used. It could be observed from Figures 6 and 7 that the temperatures in the theoretical model follow the same trend as the experimental results. Once the numerical model is validated, a parametric study was performed to understand the effect of FRL when varying water depths are used.
Impact of FRL on Varying Water Depths
The parametric study assumed that the water depth varied from 2 cm to 10 cm. The model was used to simulate the performance of a still used in Reference [31] . This still was chosen for the study since experiments were performed in Reference [31] for varying depths without a FRL. The insolation, ambient temperatures, and parameters that were changed for the parametric study are shown in Tables 6 and 7 . Figure 8 shows the hourly cumulative productivity obtained for different depths. The maximum productivity is obtained from lower basin water depth (2 cm) and minimum for higher basin water depth (10 cm). It can be observed that the productivity decreases with increase in depth for both no FRL and FRL cases. This is caused by the higher rate of evaporation for lower basin depth compared to higher depths due to higher temperature rise. Figure 8 shows the hourly cumulative productivity obtained for different depths. The maximum productivity is obtained from lower basin water depth (2 cm) and minimum for higher basin water depth (10 cm). It can be observed that the productivity decreases with increase in depth for both no FRL and FRL cases. This is caused by the higher rate of evaporation for lower basin depth compared to higher depths due to higher temperature rise. The total productivity of the still with and without FRL obtained in the parametric study is shown in Table 8 . It can be observed that productivity decreased as the water depth increased. In similar studies with single-basin single-slope solar stills (without FRL), the water productivity was found to range from 2.1 kg/m 2 /day to 5.5 kg/m 2 /day depending on the location, size of the still, and The total productivity of the still with and without FRL obtained in the parametric study is shown in Table 8 . It can be observed that productivity decreased as the water depth increased. In similar studies with single-basin single-slope solar stills (without FRL), the water productivity was found to range from 2.1 kg/m 2 /day to 5.5 kg/m 2 /day depending on the location, size of the still, and whether the attenuation factor was considered or not in the theoretical analysis, e.g., References [9, [49] [50] [51] [52] ]. In addition, as observed in the current study, it was found in earlier studies that decrease in water depth enhanced the productivity rate. When productivity with and without FRL is compared in Table 8 , it can be observed that the percent increase in productivity also improves when the water depth is increased. Also, the productivity value with FRL at 9 cm is almost equal to the productivity of still with no FRL at 2 cm depth ( Figure 9 ). From this observation, it can be concluded that by utilizing a FRL, the initial mass of water can be higher (almost 4.5 times in the present case) to get the same productivity. This could enable the advantage of less frequent replenishment of water. * increased productivity is due to the increased heat input per m 2 of the still as per the concentration ratio, not to be confused with thermal efficiency. 
Thermal Efficiency of the Still
The thermal efficiency of the still with both the FRL and no FRL cases for all the depths was calculated using Equation (40) . The efficiency was calculated using two different assumptions. One by considering the attenuation factor which showed low theoretical water output and hence lower efficiency.
∑ ∆t (40) Figure 10 shows the obtained thermal efficiency of the still for all the depths with and without considering the attenuation factors. While using the attenuation factor in the code provided much better comparison with the water and glass temperatures, it was found that not using the attenuation factor predicted higher productivity of the still. This was also noticed in previous studies in the literature e.g., in Reference [52] . Hence, the results shown in the figure can be interpreted qualitatively rather than quantitatively to observe the effect of FRL. It can be observed from Figure 9 that the use of the FRL also improves the thermal efficiency of the still for the parameters considered in the study. 
The thermal efficiency of the still with both the FRL and no FRL cases for all the depths was calculated using Equation (40) . The efficiency was calculated using two different assumptions. One by considering the attenuation factor which showed low theoretical water output and hence lower efficiency. Figure 10 shows the obtained thermal efficiency of the still for all the depths with and without considering the attenuation factors. While using the attenuation factor in the code provided much better comparison with the water and glass temperatures, it was found that not using the attenuation factor predicted higher productivity of the still. This was also noticed in previous studies in the literature e.g., in Reference [52] . Hence, the results shown in the figure can be interpreted qualitatively rather than quantitatively to observe the effect of FRL. It can be observed from Figure 9 that the use of the FRL also improves the thermal efficiency of the still for the parameters considered in the study. 
Economic Performance
The economic performance of the solar still system that was used in experiments was evaluated by calculating the cost of purified water per liter (χCPL). In principal, χCPL depends on the annual fixed cost (χAFC), the annual cost on system maintenance and operation (χAMC), the annual salvage value (χASV) and the annual fresh water yield (mwater), as indicated by the following equation [69] : (41) Here, χAFC was obtained by using the following relationship: 
The economic performance of the solar still system that was used in experiments was evaluated by calculating the cost of purified water per liter (χ CPL ). In principal, χ CPL depends on the annual fixed cost (χ AFC ), the annual cost on system maintenance and operation (χ AMC ), the annual salvage value (χ ASV ) and the annual fresh water yield (m water ), as indicated by the following equation [69] :
Here, χ AFC was obtained by using the following relationship:
where, χ FC and κ stand for the fixed cost and the recovery factor, respectively. In the present work, the χ FC for the system with the Fresnel lens was approximately equal to $325, whereas the χ FC for the system without the Fresnel lens was about $199. κ can be determined by using the following equation:
where, the interest per year (i) and system life year (n) were considered in this study to be 3% and 10 years, respectively. χ AMC , which mainly includes the costs in regular water filling, fresh water collecting, and cleaning of the system, was assumed to be 30% of χ AFC . The annual salvage value (χ ASV ) can be calculated by multiplying the salvage value (χ sv ) by sink fund factor (µ), as shown by Equation (4):
where, χ SV was thought to account for about 20% of χ FC . Meanwhile, µ was obtained by using the following equation:
In Equation (41), m water means the sum of the system daily yield throughout an entire year. However, the system daily yield varies with respect to season, weather condition, operation parameter, etc., consequently making it impossible to accurately calculate the m water . Therefore, approximations concerning m water have been adopted by researchers in the field of solar still. For example, Pakdel et al. multiplied the highest system daily yield by the number of operation days to get m water [70] . In contrast, Haddad et al. used an averaged system daily yield, which was obtained by considering the test results of different seasons [71] . In the current study, the method in Reference [70] was adopted, because the proposed solar still system was only tested during the summer season. Thus, the system daily yields with the Fresnel lens and without the Fresnel lens were considered 1.625 L/m 2 and 9.22 L/m 2 respectively, as experimentally measured in Section 3.1. By assuming that desalination systems operate for 340 days in a year, the m water s were calculated to be 552.5 L/m 2 and 3134.8 L/m 2 , respectively. By substituting the obtained m water s into Equation (41), the economic analysis was finalized, as summarized in Table 9 . It is obvious that although the introduction of the Fresnel lens increased χ FC and thus both χ AFC and χ AMC , the calculated χ CPL decreased due to the significant increase in m water . It should be noted that we did not include the cost of an automatic tracking system that keeps the lens in the correct position and the system in the right alignment, which might add costs. Table 9 . Cost of solar still configurations with and without FRL used in experiments [48] . 
Conclusions
This work presents the performance of a solar still when an external FRL was used to increase the effective solar heat input. The study shows that utilizing a FRL results in increased water and glass temperatures and can significantly improve the productivity of the still. Productivity of 638% improvement was observed in the experiments performed. The water depth was varied between 2 cm and 10 cm for the parametric study. It was observed that the percent improvement in productivity increases with increased water depth. In addition, the thermal efficiency of the still also improved when FRL is used. In conclusion, the results show that utilizing the FRL can significantly aid in improving the productivity of the still, which would be beneficial especially in remote areas. Future improvements could be made by using a tracking mechanism for much better focusing of the FRL into the still, scale-up analysis, depending on the location and requirements. 
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Nomenclature
A FRL
Area of the Fresnel lens (m 2 ) A G Area of glass cover exposed to solar radiation (m 2 ) A w
Water basin area (m 2 ) A ss Area of sidewalls (m 2 ) C pw Water specific heat (kJ/kg K) FRL
Fresnel lens h b
Heat transfer coefficient basin and ambient (W/m 2 K) hC wgi
Conductive heat transfer coefficient from glass inner surface to glass outer surface (W/m 2 K) hC goa
Convective heat transfer coefficient from glass cover outer surface to ambient (W/m 2 K) hE wgi Evaporative heat transfer coefficient from water and inner surface of the glass cover (W/m 2 K) hR ba Radiation heat transfer coefficient from basin to ambient (W/m 2 K) hR goa Radiation heat transfer coefficient from cover outer surface to ambient (W/m 2 K) hR wgi Radiation heat transfer coefficient from water to glass cover inner surface (W/m 2 K) hT goa Total top heat loss coefficient between cover outer surface and atmphere (W/m 2 K) h w Convective heat trafer coefficient between basin liner and water mass (W/m 2 K) hT wgi Total heat transfer coefficient from water to glass cover inner surface (W/m 2 K) I(t)
Intensity of solar radiation (W/m 2 ) I e f f (t)
Effective Solar Intensity with Fresnel lens (W/m 2 ) K g Glass thermal conductivity (W/m K) K i Insulation thermal conductivity (W/m K) L g Glass thickness (m) L i Insulation thickness (m) L ev Latent heat of vaporization (kJ/kg) m w Hourly productivity from SS (kg/m 2 h) M w Daily yield from SS (kg/m 2 day) P g Partial vapor pressure (Pa) P w Water pressure (Pa) Q b
Heat loss between basin and ambient (W/m 2 ) Q Cwgi
Convective heat transfer rate within SS from water to glass cover inner surface (W/m 2 ) Q Cgoa
Convective heat transfer rate from glass cover outer surface to ambient (W/m 2 K) Q Rgoa Radiative heat transfer rate from glass outer surface to ambient (W/m 2 K) Q Ewgi Evaporative heat transfer rate within SS from water to glass cover inner surface (W/m 2 ) Q Tgoa Total radiative and convective heat losses (W/m 2 K) Q Twgi Total heat transfer rate from water to glass cover inner surface (W/m 2 )
